more for birds tending large clutches, selection generally will favor a smaller clutch as the best risk-averse strategy. This assumes that environmental conditions are sufficiently uncertain to prevent birds from predicting them at the time of laying and facultatively adjusting their clutch sizes in response. Testing for environmental uncertainty requires data on clutch size and fitness over multiple years from the same population; thus, only long-term studies can address this hypothesis. Despite the plethora of clutch-size studies (see Stearns 1992) , few have lasted long enough to provide sufficient information on temporal variability. An exception was Boyce and Perrins (1987) , who found that reduced fitness for Great Tits (Parus major) rearing large clutches in the occasional bad years was enough to select for smaller average clutch sizes than could be produced in good or average years.
A more recent hypothesis has provided another explanation for deviations from the "Lack" clutch size (Richner and Heeb 1995) . When nests are infested by ectoparasites with short life cycles, which permits rapid parasite buildup during the period of nestling growth, larger broods will support more total parasites, and the condition of fledglings will be impaired. Birds may reduce their clutch size in response (Richner and Heeb 1995) . The potential effect of ectoparasitism on clutch size has not been widely appreciated (M0ller 1991), perhaps because many studies of clutch size have been on hole-nesting species that occupy nest boxes with unnaturally low levels of ectoparasitism (M0ller 1989).
In this paper, we examine measures of reproductive success and annual survival of adults and offspring associated with clutches of different sizes in colonial Cliff Swallows (Petrochelidon pyrrhonota). We use these fitness components to estimate the success of different clutch sizes, assess the degree to which the most common clutch size differs from the most productive, and examine potential life-history tradeoffs between clutch size and survival. Throughout, we investigate yearly differences in fitness components, specifically to examine whether environmental uncertainty and higher annual variance in reproductive success associated with larger clutches can account for discrepancies between the most common and the most productive clutch sizes (see Boyce and Perrins 1987). We experimentally removed nest ectoparasites to assess their potential effect on clutch-size evolution and address Richner and Heeb's (1995) generation-time hypothesis. Our study differs from many previous ones on clutch size because of its long-term approach (up to 11 years of data in some analyses), use of modern statistical methods (Lebreton et al. 1992) to estimate annual survivorship for firstyear birds, explicit focus on the role of ectoparasitism, and large sample sizes (more than 8,800 nests in total).
METHODS
Study site and study animals.-Our research is conducted along the North and South Platte Rivers near Ogallala, primarily in Keith and Garden counties, southwestern Nebraska. Our study area is approximately 150 x 50 km and contains about 160 colony sites where Cliff Swallows breed. The study site is described in detail by Brown and Brown (1996) . Cliff Swallows (body mass 20 to 28 g) are Neotropical migrants that breed throughout most of western North America and winter in South America. They build gourd-shaped mud nests beneath overhanging rock ledges on the sides of steep cliffs or underneath the protected eaves of artificial structures. Cliff Swallows often breed in dense colonies. In southwestern Nebraska, mean colony size is 393.0 ? SE of 24.3 nests, ranging from birds that nest solitarily to colonies of 3,700 nests (Brown and Brown 1996) . Cliff Swallows typically have a short breeding season, 10 weeks or less in our study area, and raise only one brood per year (Brown and Brown 1995) . In southwestern Nebraska, most birds arrive in May, and breeding is largely completed by the end of July.
Cliff Swallows are associated with a variety of hematophagous ectoparasites. In southwestern Nebraska, the two most common ones are the swallow bug (Hemiptera: Cimicidae: Oeciacus vicarius) and a bird flea (Siphonaptera: Ceratophyllidae: Ceratophyllus celsus). These insects reside primarily in Cliff Swallow nests or the adjacent nesting substrate. They feed on blood of adults and nestlings, and in the case of swallow bugs, they have substantial effects on nestling survival and health (Brown and Brown 1986, 1996) . Nest checks.-We checked nests at intervals of one to three days from shortly before egg laying until eggs hatched or the nest failed. Nest contents were observed with the aid of a dental mirror and flashlight. Clutch size was the maximum number of eggs appearing in a nest. In some cases, clutch size included eggs laid or transferred by conspecific brood parasites. Cliff Swallows often parasitize neighboring nests within a colony (Brown and Brown 1988a, 469 1989, 1998a). We did not attempt to correct for known cases of parasitism because parasitic eggs were not marked, preventing us from knowing the exact fate of many of them (especially when eggs were tossed from a nest by a conspecific; Brown and Brown 1988b). Once hatching date was determined, we did not check a nest again until the nestlings were 10 days old. At that time, nestlings were banded, weighed, and examined for ectoparasites. All swallow bugs and fleas anywhere on a nestling's body were counted. Parasite counts and body masses were averaged for all nestlings within a nest, and these average values were used in statistical analyses. Eggs disappearing during incubation, and nestlings known to have hatched but absent at 10 days, were scored as "lost." Unhatched eggs were those that remained when nestlings were processed at 10 days. Nestling survival was based on young surviving to 10 days, which is an accurate relative index of survival to fledging in Cliff Swallows. All years for which we had relevant data are included in each analysis; missing years reflect our not collecting that type of data in that season.
Fumigation.-To test the possible relationship between ectoparasitism and clutch size, we fumigated nests by application of a short-lived acaricide called Naled (also known as Dibrom) to the outside of nests and the surrounding substrate every 2 to 7 days throughout the nesting season. This fumigant was highly effective against swallow bugs, which were the principal cause of nestling mortality (see Brown and Brown 1996) .
Weather data.-Climatological data were taken from a long-term monitoring site in Arthur County, Nebraska, about 48 km north of the center of the study area. This site, part of the University of Nebraska's Automated Weather Data Network, recorded daily high and low temperatures and amount of precipitation.
Mark-recapture.-Annual survival estimates were based on mark-recapture of birds associated with a given clutch or brood size. We banded 87,337 adults and nestlings from 1982 through 1996 and typically obtained 16,000 to 21,000 recaptures each season (see Brown and Brown 1996) . We monitored the presence of banded birds at 25 to 35 colony sites each summer by systematically mist netting at each site. This enabled us to build a capture history for each individual, indicating if the bird was encountered each season and, if not, whether it was known to be alive by virtue of its being caught in a later year. Birds were assigned as owners of nests based on observations of color-marked individuals (white forehead patches painted in unique three-color stripes) or from capture of individuals inside nests. Body mass of adults was recorded each time a bird was captured, and measures were assigned to the time periods of nest building and egg laying or feeding of nestlings, depending on when the bird was encountered.
We used all cohorts recaptured through 1996 for survival analyses. Because our most recent cohort with clutch-or brood-size data was from 1993, this gave us at least three years of recapture for all cohorts. After three years of recapture, Cliff Swallow survival estimates for a cohort cease to change with the addition of more years of data (Brown and Brown 1996) . Survival estimation.-We estimated annual survival probabilities for first-year Cliff Swallows and tested for significant differences in survival between birds from different clutch and brood sizes using the methods of Lebreton et al. (1992 (Fig. 1) even though average clutch size differed significantly among years for both nonfumigated (Kruskal-Wallis test, x2 = 30.7, df = 9, P < 0.001) and fumigated (X2 = 19.2, df = 5, P = 0.002) nests. The principal differences among years were the relative proportions of clutch sizes 3 and 4 (Fig. 1) .
Clutch size relative to weather.-Yearly variation in clutch size could be caused by seasonal differences in weather patterns, especially for insectivorous birds such as Cliff Swallows that depend on a food supply that is highly sensitive to temperature and rainfall (Brown and Brown 1996, 1998b ). Seasonal climatic conditions vary markedly among years in our central Great Plains study area. For example, 1988 was one of the warmest summers during the last 100 years and was followed by one of the coldest in 1992 (Brown and Brown 1996) . Mean clutch size per year did not vary significantly with average daily high temperature (nonfumigated nests, r, = -0.15, P = 0.70, n = 9; fumigated nests, r, = -0.39, P = 0.39, n = 7) or total precipitation (nonfumigated nests, rs = 0.38, P = 0.31, n = 9; fumigated nests, r, = 0.56, P = 0.19, n = 7) recorded between 1 May and 15 June each year. This period was likely to have the greatest weather-related influence on clutch size because 85.9% of clutches (n = 6,996) were initiated during this 46-day span. We explored other time intervals (e.g. prior to 1 May, subsets of 1 May to 15 June) in our analyses and also found no effect of weather on clutch size.
Incubation period relative to clutch size.-One measure of the production costs of different clutch sizes is the time taken to incubate them. Incubation period, measured from the laying of the last egg to the hatching of the first nestling, was shortest for clutch sizes 4 and 5 ( Clutch size of bugs were greatest in clutches of 3 and 4 eggs, the two most common clutch sizes (Fig.  3) . Fledging success expressed as the mean number of surviving young did not differ significantly between fumigated and nonfumigated nests for the smallest (1) or the two largest (5 and 26) clutch sizes (Wilcoxon tests, P 2 0.41); success differed significantly between fumigated and nonfumigated nests for clutch sizes 2, 3, and 4 (P < 0.001; Fig. 3A) .
Fledging success showed similar patterns among years for both nonfumigated and fumigated nests (Fig. 4) . Clutch size 5 was consistently as productive (usually more so) than the smaller clutches in both the presence and absence of ectoparasites. Conclusions about clutch size 6 are risky owing to small sample sizes; in some years, fledging success for clutch size 6 was higher than that of clutch size 5, whereas in other years it was much lower (Fig.  4) .
Fledging success is determined by how many eggs are lost before hatching, how many nestlings are lost before fledging, and how many eggs fail to hatch. Egg loss was lowest for the more common clutch sizes 3 and 4 (Fig. 5A) , whereas loss of nestlings (Fig. 5B ) and the number of unhatched eggs (Fig. 5C ) tended to increase with clutch size. Patterns were similar for nonfumigated and fumigated nests, although in general the biggest differences between nests with and without parasites again were at clutch sizes 3 and 4 (Figs. 5B, C) . In comparing fumigated and nonfumigated nests, significant differences in the number of eggs lost occurred only for clutch sizes 2 and 3 (Wilcoxon tests, P ' 0.03; for other clutches, P 2 0.11); significant differences in the number of nestlings lost occurred only for clutch sizes 3 and 4 (P c 0.008; for other clutches, P ? 0.17); and significant differences in unhatched eggs occurred for clutches 3, 4, and 5 (P c 0.03; for other clutches, P -0.23).
First-year survival relative to clutch size and weather.-Model fitting revealed no significant differences among natal clutch sizes in probability of first-year survival for nestlings from either nonfumigated or fumigated nests (Table  2) . However, natal clutch size does not necessarily reflect the brood size a bird is reared in, given the loss of eggs and nestlings and the fact that some eggs do not hatch (Fig. 5) . Brood size, measured as the number of young surviving to day 10, better reflects actual rearing conditions and the potential for nestling competition. For fumigated nests, brood size had no apparent influence on first-year survival; a model without brood size as a group effect (model 9; Table  3 ) provided a significantly better fit than ones that modeled either each brood separately or fewer brood-size classes. For birds from nests exposed to natural levels of ectoparasites, however, first-year survival differed significantly among natal brood sizes. An age-stratified CJS model with brood sizes 1 and 2 combined, brood sizes 3 and 4 combined, and brood size 5 (no data were available for brood size -6) provided the best fit (model 13; Table 3 ). Firstyear survival estimates (from model 13) varied significantly among years (Fig. 6) . In three years (1984, 1990, 1993) , birds from brood sizes 1 or 2 had the highest survival; in four years (1983, 1986, 1987, 1988) , birds from brood sizes 3 or 4 had the highest survival; and in four years (1982, 1989, 1991, 1992) , birds from brood size 5 had the highest survival. Averaged over all years, first-year survival probabilities for birds from brood sizes 1 to 2, 3 to 4, and 5 were 0.153, 0.210, and 0.267, respectively.
Given these yearly differences, we examined whether annual variation in climatic conditions during the breeding season potentially influenced first-year survival. We used weather data for the month of June because most Cliff Swallows in our study area hatch and are raised during that month (Brown and Brown 1996) . Total precipitation during June (n = 11 years) had no effect on first-year survival probability (brood sizes 1 to 2, r, = 0.32, P = 0.34; brood sizes 3 to 4, rs = 0.17, P = 0.61; brood size 5, r. = -0.18, P = 0.59). However, average daily high temperature for June was significantly associated with first-year survival of birds from brood size 5, with survival declining in warmer years (r, = -0.77, P = 0.005, n = 11). There was no significant correlation between temperature and survival for birds from brood sizes 1 to 2 (r, = -0.36, P = 0.27, n = 11) or 3 to 4 (r, = -0.06, P = 0.85, n = 11).
Annual reproductive success relative to clutch size.-The number of nestlings that survive to fledge (Fig. 4) is one measure of annual reproductive success (ARS). A better measure is the number of nestlings that enter the breeding population the next season. For nonfumigated nests, we estimated ARS (Fig. 7) by multiplying the number of young fledged (Fig. 4) by the probability of first-year survival for birds from broods of different sizes (Fig. 6) . For fumigated nests, measures of ARS based on fledging success (Fig. 4) reflected relative recruitment the next year because first-year survival was not associated with clutch size or brood size in parasite-free nests.
When ARS was estimated using average yearly values for fledging success and first-year [Auk, Vol. 116 survival, reproductive success generally increased with clutch size (Fig. 7) . However, results varied among years. Considering only the mean values, in four of eight years the most common clutch size, 4 eggs, was the most productive; in the remaining four years, productivity was highest for clutch size 5 (Fig. 7) . The superiority of clutch size 4 occurred in warm years when first-year survival of birds from broods of 5 was low. The error (standard deviation) associated with each ARS estimate was relatively high because we were estimating the variance of a product (Fig. 7) .
Parental survival relative to clutch size. Ectoparasitism relative to clutch size.-Clutch sizes 1 and -6 showed a marked difference in total swallow bugs per nest (those counted on all nestlings), but bug loads exhibited relatively little variation for clutch sizes 2 to 5 (Fig. 8A) . Bugs per nestling declined from clutch size 2 to 5, with the lowest per capita bug loads in clutch size 5 (Fig. 8B) . Except for an increase in clutch size ?6, flea numbers were similar among clutch sizes (Fig. 8) .
Nestling body mass relative to clutch size. Nestling body mass is a useful measure of the effects of ectoparasites and the potential rearing costs of different clutch sizes (Brown and Brown 1996) . Mean body mass per nestling did not vary significantly with clutch size among nonfumigated nests; in the absence of ectoparasites, body mass varied significantly with clutch size (Fig. 9) . The difference in body mass between fumigated and nonfumigated nests was significant for clutch sizes 2, 3, and 4 (Wilcoxon tests, P ' 0.0001) but not for the other clutch sizes (P 2 0.17). As clutch size increased, the removal of ectoparasites had markedly less effect on nestling body mass (Fig. 9) . In the presence of ectoparasites, only clutch size ?6 resulted in nestlings of low body mass.
Adult body mass relative to clutch size.-Body mass of breeding females during egg laying varied significantly with clutch size (Fig. 10A) ; body mass was higher among females that laid larger clutches. In contrast, body mass of females during brood rearing did not vary significantly with clutch size, although mass tended to decline with clutch size for clutches 2 to 5 (Fig. 10A) . Among breeding males, body mass during egg laying did not vary significantly with clutch size, but the overall pattern was similar to females in that heavier males were associated with larger clutches (Fig. 10B) . Body mass during brood rearing declined significantly with clutch size for breeding males (Fig. 10B) . Most of these clutch-size comparisons came from birds occupying nonfumigated nests; combining fumigated and nonfumigated nests for this analysis was warranted because adult body mass was unaffected by nest fumigation (Brown and Brown 1996).
DISCUSSION
Our results for Cliff Swallows are similar to those for many other species in that the most common clutch size (4 eggs) does not seem to be the most productive (5 eggs). However, we found substantial yearly variation, and the most common clutch size was the most productive in some years. This provides partial support for the contention that selection favors clutch sizes that produce the most young (Lack 1947 (Lack , 1954 . Ectoparasites seemed to inflict a serious cost for birds that raised the most common clutch sizes (3 and 4 eggs). The effect of ectoparasites on first-year survival also led to Table 3 ). Total sample sizes are given in Table 3 . Environmental uncertainty can be addressed empirically only with long-term studies, and ours is similar to Boyce and Perrins' (1987) on Great Tits in demonstrating the importance of annual variation. In "good" years (e.g. 1982), clutch size 5 yielded a higher number of recruits than did all other clutch sizes, but in "bad" years (e.g. 1988), birds raising clutch sizes 3 or 4 did better than those raising clutch size 5. Cliff Swallows, like Great Tits, periodically encounter bad years for raising large clutches. These fitness differences (Fig. 7) (Fig. 4) by the first-year survival probability (Fig. 6) about average (Usinger 1966 ). This means that swallow bugs are long-cycled relative to the Cliff Swallow's nestling period of 24 to 26 days. However, swallow bugs are extremely mobile, crawling on the substrate between nests and often moving from one nest to another. As nestlings within a colony fledge, bugs move out of vacated nests and aggregate at the active nests that remain (Brown and Brown 1996) . Thus, at least for the later nests in a colony, bug loads potentially can be determined by brood size, with larger broods supporting more bugs that arrive via immigration. Although the overall pattern for bugs is similar to that for fleas and matches that predicted for a long-cycled ectoparasite, the marked seasonal decline in Cliff Swallow clutch size (Brown and Brown 1999) could reflect the later birds' reducing their clutch sizes at a time when swallow bugs start moving among nests and become essentially short-cycled parasites.
Uncertainty causes greater variance in repro-
Mean clutch sizes differed significantly between fumigated and nonfumigated nests in only one year out of six (Table 1) . This agrees generally with M0ller's (1991) result for Barn Swallows (Hirundo rustica) and might suggest that parasite load cannot be predicted early enough to adjust clutch size if warranted. However, the one year in which average clutch size differed between fumigated and nonfumigated nests was 1988. This was an unusually warm summer, the fourth hottest on record for Nebraska (Brown and Brown 1996) and the season when clutch size 5 was the least productive. Parasites in the nests (especially swallow bugs) possibly were sufficiently numerous early enough in the year to cause the swallows to adjust their clutch sizes.
We detected an apparently large effect of ectoparasites at clutch sizes 3 and 4, the two most common clutch sizes, but parasites had relatively little effect on larger or smaller clutches. Fledging success did not differ between fumigated and nonfumigated nests for clutch sizes 1, 5, and -6; in contrast, parasite-free nests fledged more young than did infested nests for clutch sizes 2, 3, and 4. Perhaps clutches of 5 and -6 dilute per capita parasite load of longcycled fleas and bugs (sensu Richner and Heeb 1995) to the point that they were not deleterious to prefledging survival. Another potential explanation is that larger clutches were produced by high-quality individuals who were inherently resistant to parasites, and fumigation had less effect for them than for lower-quality individuals who produced intermediate-sized clutches.
Our fumigation experiment demonstrated that ectoparasitism was probably directly responsible for brood-size differences in firstyear survival and thus may have caused the lower annual success for clutch size 5 in some years. Presumably, parasites exerted long-term effects on birds after fledging (Brown and Brown 1996) . The strong correlation between first-year survival of birds from broods of 5 and temperature during the time a young bird was raised suggests that the negative effects bugs have on subsequent survival are manifested during warm summers. Assuming that swallows cannot predict in advance whether the brood-rearing period will be hot or cold, the best risk-averse strategy presumably is to lay 4 eggs, which was the most common clutch size. M0ller (1991) also found a greater effect of ectoparasites in larger broods of Barn Swallows, and he suggested that ectoparasitism limits clutch size in that species.
Removal of ectoparasites led to higher body mass of nestling Cliff Swallows in small broods than in large ones, but in the presence of parasites, nestling body mass did not vary among brood sizes. A similar pattern was found for Great Tits (Richner et al. 1993 ). This suggests that under natural ectoparasite loads, fitness gains can come only through offspring quantity and that a tradeoff between offspring quantity and quality can occur only if parasites are absent (Richner et al. 1993, Brown and Brown 1996) . Paradoxically, we might therefore expect selection for larger clutch sizes when ectoparasites are common (Richner et al. 1993 ).
Ectoparasite loads in Cliff Swallows are strongly affected by colony size (Brown and Brown 1996) . We have not, however, analyzed fitness components of clutch size separately by colony size, principally because clutch size shows no relationship with colony size (Brown and Brown 1996) . Furthermore, had we subdivided our mark-recapture samples by colony size, we would not have had large enough data sets to test different survival models with any degree of sophistication (Tables 2, 3) . Parasitemediated effects on clutch size possibly vary with colony size and might be greatest in larger colonies where parasites are the most numerous.
Energetic constraints on clutch size.-Cliff Swallows are unusually sensitive to cold weather in spring that can reduce their insect food for prolonged periods, sometimes causing mortality (Brown and Brown 1998b) . Harsh conditions early in the nesting season could prevent many females from producing clutches of 5 or 6 eggs, even though later in the summer when the weather is better they can raise those clutches without added costs. Unfortunately, little is known about the costs of egg production in altricial birds (Carey 1996) . Some female passerines use reserves of fat and protein that may be depleted significantly during laying even when food is abundant. In the Red-billed Quelea (Quelea quelea), some females deplete their fat reserves so seriously during laying that mortality may result the night following the laying of the last egg (Jones and Ward 1976).
We do not know if fat or protein reserves represent a constraint on egg production in Cliff Swallows, but clutch size could be related to a female's condition and to her energy reserves early in the season. Heavier females laid larger clutches (Fig. 10A) Energetic constraints on egg production probably increase the costs of larger clutches for Cliff Swallows. If these costs exacerbate the risk associated with larger clutches in some years, stabilizing selection should produce the observed clutch-size distribution. We urge that more attention be paid to the effects of ectoparasitism on clutch size and to the energetic constraints on egg production. Long-term studies of clutch-size evolution are also essential, because if other species are like Cliff Swallows, fitness may change markedly among years.
